A trapped-atom interferometer was demonstrated using gaseous Bose-Einstein condensates coherently split by deforming an optical single-well potential into a double-well potential. The relative phase between the two condensates was determined from the spatial phase of the matter wave interference pattern formed upon releasing the condensates from the separated potential wells. Coherent phase evolution was observed for condensates held separated by 13 m for up to 5 ms and was controlled by applying ac Stark shift potentials to either of the two separated condensates. DOI: 10.1103/PhysRevLett.92.050405 PACS numbers: 03.75.Dg, 03.75.Lm, 39.20.+q Atom interferometers have been used to sense accelerations [1,2] and rotations [3, 4] , monitor quantum decoherence [5] , characterize atomic and molecular properties [6] , and measure fundamental constants [1, 7] . Demonstrating atom interferometry with particles confined by magnetic [8] [9] [10] [11] and optical [12] microtraps and waveguides would realize the matter wave analog of optical interferometry using fiber-optic devices. Current proposals for confined-atom interferometers rely on the separation and merger of two potential wells to split and recombine atomic wave packets [13] [14] [15] . Atom-atom interactions tend to localize particles in either potential well and reduce the coherence of the splitting and recombination processes [16, 17] , whereas tunneling serves to delocalize the atomic wave packets and maintain a welldefined relative phase between the potential wells [16] .
Atom interferometers have been used to sense accelerations [1, 2] and rotations [3, 4] , monitor quantum decoherence [5] , characterize atomic and molecular properties [6] , and measure fundamental constants [1, 7] . Demonstrating atom interferometry with particles confined by magnetic [8] [9] [10] [11] and optical [12] microtraps and waveguides would realize the matter wave analog of optical interferometry using fiber-optic devices. Current proposals for confined-atom interferometers rely on the separation and merger of two potential wells to split and recombine atomic wave packets [13] [14] [15] . Atom-atom interactions tend to localize particles in either potential well and reduce the coherence of the splitting and recombination processes [16, 17] , whereas tunneling serves to delocalize the atomic wave packets and maintain a welldefined relative phase between the potential wells [16] .
Bose-Einstein condensates are to matter wave interferometry what lasers are to optical interferometry, i.e., a coherent, single-mode, and highly brilliant source. Condensates have been coherently delocalized over multiple sites in optical lattices where the tunneling energy dominates the on-site atom-atom interaction energy due to the submicron barrier between neighboring potential wells [2, [18] [19] [20] [21] . Here, the thin barrier helps to maintain phase coherence across the lattice, but also prevents addressing individual lattice sites. To construct a versatile atom interferometer capable of sensing forces with arbitrary spatial variation two individually addressable interfering paths are needed. This apparently simple requirement represents a considerable challenge when it comes to splitting a Bose-Einstein condensate with a thick barrier that prevents tunneling and separates the resulting condensate pair by large distances (that allow for individual addressability) without affecting their quantum mechanical phase in an uncontrolled way. In addition to the technical challenges, it is not even clear theoretically if the two condensates generated after splitting will share the same phase (a phase-coherent state) or if each will have a well-defined number of particles without relative phase coherence (a number-squeezed state) [16,22 -24] .
In this Letter, we demonstrate that a condensate can be split coherently along two separated paths by deforming an initially single-well potential into two wells. The relative phase between the two condensates was determined from the spatial phase of the matter wave interference pattern formed upon releasing the atoms from the separated potential wells [25, 26] . This scheme realizes a trapped-atom interferometer. The large well separation (13 m) (i) allowed ac Stark phase shifts to be applied to either condensate by temporarily turning off the laser beam generating its potential well and (ii) suppressed tunneling such that the phase of each condensate evolved independently. Without the aid of tunneling to preserve phase coherence, the measured coherence time of the separated condensates was 5 ms.
Bose-Einstein condensates containing over 10 7 23 Na atoms were created in the jF 1; m F ÿ1i state in a magnetic trap, captured in the focus of a 1064 nm optical tweezers laser beam, and transferred into an auxiliary ''science'' chamber as described in Ref. [27] . In the science chamber, the condensate was loaded from the optical tweezers into a secondary optical trap formed by a counterpropagating, orthogonally polarized 1064 nm laser beam. The secondary optical trap was formed by a collimated laser beam that passed through an acousto-optic modulator (AOM) and was focused onto the condensate with a lens [ Fig. 1(a) ]. The AOM was driven simultaneously by two radio frequency (rf) signals to tailor the shape of the potential from single well [ Fig. 1(b) ] to double well [ Fig. 1(c) ]. The separation between the potential wells was controlled by the frequency difference between the rf drives. The waist of each focused beam was 5 m. A single, isolated potential well was characterized by a trap depth U 0 h 5 kHz, where h is Planck's constant, and a radial (axial) trap frequency f r 615 Hz (f z 30 Hz).
Condensates were initially loaded from the tweezers into a single-well trap [ Fig. 1(b) ]. After holding the cloud for 15 s to damp excitations, the condensate contained 10 5 atoms with a peak atomic mean field energy Condensates realized from the double-well potential ballistically expanded, overlapped, and interfered ( Fig. 2) . Each realization of the experiment produced a matter wave interference pattern with the same spatial phase. This reproducibility demonstrated that deforming the optical potential from a single well into a double well coherently split the condensate into two clouds with deterministic relative phase, i.e., the relative phase between the two condensates was the same from shot to shot.
This experiment derived its double-well potential from a single laser beam passing through an AOM. Vibrations and fluctuations of the laser beam were common mode to both wells, and a clean and rapid trap turn-off was achieved by switching off the rf power driving the AOM. In contrast, past experiments created a doublewell potential by splitting a magnetically trapped condensate with a blue-detuned laser beam [25] . Such work was unable to observe a reproducible relative phase between the split condensates, due to fluctuations in the blue-detuned laser beam and irreproducible turn-off of the high current magnetic trap that initiated ballistic expansion.
The relative phase between the two separated condensates was determined by the spatial phase of their matter wave interference pattern. For a ballistic expansion time t 1=f r , each condensate had a quadratic phase profile [28] , r r; t n r r; t p expim=2 htjr r d d=2j 2 , where denotes either well, n is the condensate density, m is the atomic mass,d d is a vector connecting the two wells, is the condensate phase, and h h=2. Interactions between the two condensates during ballistic expansion have been neglected. The total density profile for the matter wave interference pattern takes the form was <h 500 Hz which was much less than the peak atomic mean field energy allowing the trap to be characterized as a single well. The potential ''barrier'' in (c) was h 4:7 kHz which was larger than the peak atomic mean field energy allowing the resulting split condensates to be characterized as independent. The relative phase between the separated condensates was observed to evolve linearly in time [ Fig. 3(a) ]. This evolution was primarily due to a small difference in the well depths and could be tailored by adjusting the relative intensity of the two laser beams generating the wells.
P H Y S I C A L R E V I E W L E T T E R S
The standard deviation of eight measurements of r was <90 for condensates split then held separated for 5 ms [Fig. 3(b) ]. For hold times 1 ms, the standard deviation was substantially smaller, <40
. Since a random distribution of phases between ÿ180
and 180
would have a standard deviation of 104 , the measured results quantitatively confirm the reproducible nature of the splitting process and the coherent evolution of the separated condensates.
The number-phase uncertainty principle provides a fundamental limit to the phase coherence between isolated condensates due to phase diffusion [16,22 -24,29,30] . For Poissonian number fluctuations about a mean condensate atom number N, we expect a phase diffusion time 1=2=5h N p 250 ms. Atom-atom interactions may localize particles in either potential well during splitting and reduce the relative number fluctuations. This would reduce the measured coherence of the split condensates, but extend the phase diffusion time. The uncertainty in determining r at hold times >5 ms is attributed to axial and breathing-mode excitations created during the splitting process. These excitations led to interference fringes that were angled and had substantial curvature, rendering a determination of r impossible. Splitting the condensate more slowly did not improve the measured stability of r since we were unable to split the condensate much slower than the axial trap period and much faster than the expected phase diffusion time.
The phase sensitivity of the trapped-atom interferometer was demonstrated by applying ac Stark phase shifts to either (or both) of the two separated condensates. Phase shifts were applied to individual condensates by pulsing off the optical power generating the corresponding potential well for a duration p 1=f r . The spatial phase of the matter wave interference pattern shifted linearly with the pulse duration, as expected [ Fig. 4(a) ]. Because of the inhomogeneous optical potential, Ur, the applied ac Stark phase shifts varied across the condensate as r ÿUr p = h. Inhomogeneous phase shifts should lead to an excitation of the condensate that was probably too small to be observed. We assume that the measured phase shift can be found by averaging the applied inhomogeneous phase shift over the inhomogeneous condensate density:
h, where N R d 3r rnr r is the number of atoms. The measured phase shifts yielded U 0 h 5 kHz [ Fig. 4(b) ], which was consistent with calculations based on the measured trap frequencies.
The measured phase shifts in the interferometer depended only on the time integral of the applied ac Stark phase shifts [ Fig. 4(b) ]. For uncoupled condensates, the final relative phase, r , should be the same on any phase trajectory because the history of phase accumulation does not affect the total amount of accumulated phase. For coupled condensates, Josephson oscillations between the wells would cause the relative phase to vary nonlinearly with time and produce a time dependent signal in Fig. 4(b) . The single-particle tunneling rate and Josephson oscillation frequency in our system were calculated to be 5 10 ÿ4 Hz [28] and 1 Hz [31] , respectively. In conclusion, we have performed atom interferometry with Bose-Einstein condensates confined by optical potentials. A coherent condensate beam splitter was demonstrated by deforming a single-well potential into a double-well potential. The large spatial separation between the potential wells allowed each condensate to evolve independently and for addressing each condensate individually. Recombination was performed by releasing the atoms from the double-well potential and allowing them to overlap while expanding ballistically. Implementing a similar readout scheme with magnetic potentials generated by microfabricated current carrying wires should be possible. Propagating the separated condensates along a microfabricated waveguide prior to phase readout would create an atom interferometer with an enclosed area, and hence with rotation sensitivity.
